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1 INTRODUCTION 
Theobroma cacao L. is a perennial tree native to the American tropics. Its cultivation 
represented a tradition of high religious and power value in ancient civilizations of 
America. Since the discovery of its aromatic properties it has become the main 
ingredient for chocolate manufacturing. This is the main reason for the fast spread of 
cocoa to regions where agriculture is the most important economical activity. 
 
In Nicaragua, cocoa production is focusing on satisfying the demand for the raw 
material for the international chocolate industry due to good prices in the market. 
However, productivity of this crop has not yielded as well as other important crops such 
as rice, coffee and beans. This is mostly because of the incidence of many negative 
factors that cocoa farmers have to face yearly. For example, unpredictable raining 
seasons, presence of pests and diseases, low soil fertility, and the foremost factor is that 
the majority of the production areas are managed by farmers with low economical 
resources who therefore apply a traditional or artisanal system for crop management. 
 
In Nicaragua the cocoa plantations are mostly hybrid genetic material derived from 
crosses between trinitario and forastero type of cultivars. In addition, an endogenous 
group called criollo, whose status of origin is unknown, is also extensively cultivated 
(Ruiz et al. 2011). 
 
Due to the economical importance of cocoa, not long ago, Nicaraguan government 
has started to pay more attention to this entry through the Instituto Nicaraguense de 
Tecnología Agropecuaria (INTA). This initiative aims at implementation of better ways 
for propagation (e.g. using grafting and stem cuttings) to help to maintain and improve 
genetic characteristics and to increase the propagation rate of cocoa. 
In spite of this effort, national cocoa production has remained low and the 
propagation rate has not significantly increased. Accordingly, there is a need to study 
alternative approaches to improve cocoa propagation and to preserve the existing 
genetic material. Somatic embryogenesis may provide an alternative to obtain large 
number of plants in short period of time without inducing somaclonal variation. In 
addition, somatic embryos can be applied for long term conservation of the germplasm 
using cryopreservation as a biotechnological tool. Benefits for the production of this 
crop by means of both somatic embryogenesis and cryopreservation are translated to 
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major availability of young, uniform and high quality plants and to assure a back up 
collection of those material that already exist in in-situ germplasm collections. 
Additionally, it is important to consider that such benefits directly point out to improve 
the living conditions of the cocoa farmers by assuring better income. 
1.1 History of cocoa 
It is thought that cocoa tree was domesticated more than 2,000 years ago by 
Mesoamerican people specifically in the southern part of Mexico and the northern part 
of Central American region (Cuatrecasas, 1964; Hunter, 1990; Motamayor et al. 2002) 
where high-quality aromatic chocolate varieties, called criollos (local varieties) were 
cultivated. Besides, Crozier et al. (2011) point out that the possible origin of cocoa is in 
the rainforests of Central America, sometimes termed „Mesoamerica‟, where on modern 
maps southern Mexico‟s Yucatan Peninsula, Guatemala, Belize, El Salvador and 
Honduras are located. Its origin is also attributed to the northern part of South America 
(Motamayor et al. 2002). 
 
After Spanish colonization, the production of criollos spread to the South America 
and the Caribbean region to satisfy an increasing demand for cocoa in Europe (Marcano 
et al. 2006) where it was considered as an important ingredient for making an exotic 
drink similar to the traditional one prepared by the Aztecs who called it “chocolatl”. 
 
It has been thought that cocoa was brought to Spain by the conquerors in the early 
1600s, within the reign of King Philip III where it was controlled by his most catholic 
majesty the King of Spain, and as such, chocolate was very much considered a 
„catholic‟ beverage. Later it became a popular drink of the masses like tea and coffee. 
Thus, it can be said that international commerce and trade contributed to its spread 
worldwide, which broke out with the Cortez‟s pursuit of gold in Southern America 
(Crozier et al. 2011). 
1.2 Botany of the cocoa plant 
Cocoa plant is an ever green tree that belongs to the Sterculiaceae family (Afoakwa, 
2010) nowadays, denominated as Malvaceae and to the genus Theobroma where about 
twenty species are grouped (Knight, 1999). Besides Theobroma cacao, there are other 
cultivated species, such as Theobroma angustifolia, Theobroma bicolor, Theobroma 
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pentagona and Theobroma grandiflorum. However, these species do not have 
commercial importance for the chocolate industry (Teubner et al. 2010). Cultivated 
cocoa tree is classified in three principal groups: criollos, forastero and trinitario 
(Teubner, 2010;Beckett 2008; Cheesman, 1944). Criollo group (Creole cocoa) has long 
and pointed pods which contain seeds that, when germinating, produce white or cream 
colored cotyledons. These trees are not high yielding due to disease susceptibility 
however, the quality of the chocolate obtained from criollo seeds is considered to be the 
finest (Teubner 2010; Beckett 2008). Populations of this group are mostly concentrated 
in Central America and in northern part of Colombia and Venezuela (Sereno et al. 
2006). On the other hand, pods of forastero are round with violet cotyledons from the 
emerging seeds which are smaller and flatter. Forastero tree is more vigorous and it 
produces ordinary or common grade of cocoa which is mainly used for cocoa powder 
and milk chocolate production. It is the main variety in West Africa and Brazil yielding 
more than 90 % of the cocoa production worldwide (Afoakwa 2010; Teubner et al. 
2010). The third group is named trinitario, which resulted from a cross of the other two. 
It is more disease resistant and exhibits variability on the color of its cotyledons 
(Knight, 1999; Fowler, 1999). 
 
Cocoa tree is small, 3 to 5 m tall with a main stem and branches that grow almost 
exactly horizontally to its stem (Figure 1). Trees start bearing pods after 2–3 years, but 
it is 6 or 7 years before they give a full yield (Beckett, 2008). Flowers grow numerously 
along the trunk and on the branches in groups called cushions. A cocoa tree can produce 
hundreds of flowers (20,000–100,000) yearly but, only small amount of them (1–5% ) 
get pollinated and develop into pods or mature fruits (Afoakwa, 2010). Pollinated 
flowers initially grow into small, green pods called cherelles and, it takes 5–6 months of 
them to develop into mature pods (Beckett, 2008). Fruits are botanically considered 
berries (Niemenak et al. 2009) that can exhibit variability in color and texture depending 
on the genotype (Afoakwa, 2010). Each pod may contain about 30–40 seeds that are 
embedded in a sweet mucilaginous pulp comprised mainly of sugars (Crozier et al. 
2011; Afoakwa, 2010). Cocoa beans consist of an outer shell or testa surrounding two 
cotyledons whose function is to protect the embryo. The cotyledons store energy for the 
developing seedling and also its first two leaves. Much of the energy is in the form of 
fat (cocoa butter) which accounts for over half the dry weight of the bean. Cacao leaves 
when young are pale green or tinged with pink depending on the presence or absence of 
anthocyanins. They are soft and delicate, but gradually harden when about 300 mm in 
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length (Holden, 1957) (Figure 1). The trunk normally ends in a crown of five branches 
known as jorquette which exhibit a plagiotropic growth (obliquely to horizontally) 
(Niemenak et al. 2009) (Figure 1). 
 
 
Figure 1. Structure of a hybrid (forastero-trinitario) cocoa tree. 
1.3 Chemical composition of cocoa beans 
Cocoa bean flavor is mainly determined by two important groups of phytochemicals, 
proanthocyanidins and purine alkaloids. Additionally, minor compounds include 
flavonols, anthocyanins, phenolic acid amides and stilbenoids (Crozier et al. 2011). 
Among these group purine alkaloids are the most common and known compounds from 
non-alcoholic beverages, such as tea, coffee, and cocoa. This group includes 
theobromine (3,7-dimethylxanthine), which accounts for 2.2–2.8% of dry weight, 
together with smaller amounts of caffeine (1,3,7-trimethylxanthine) that accumulate at 
0.6–0.8% (Crozier et al. 2011). 
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Cocoa beans and derived products are rich in antioxidants including catechins, 
epicatechin and procyanidins–polyphenols similar to those found in wine, vegetables 
and tea (Kim & Keeney, 1984; Hatano et al. 2002). Contents of sugars and enzymic 
breakdown products of polysaccharides form an important source of precursors 
(Afoakwa, 2010). These precursors are important components for flavor formation in 
cocoa but are affected by the genotype, growing conditions and processing factors 
(Beckett, 2003) where fermentation is the key process for the initiation of flavor 
precursor formation and color development in the final product. Nonetheless, location 
of growth and farming conditions like climate, amount and time of sunshine and 
rainfall, soil conditions, ripening, time of harvesting, and time between harvesting and 
bean fermentation influence the flavor of the cocoa products as well (Afoakwa, 2010). 
1.4 Cocoa cultivation and world production 
Most of the commercial cocoa plantations are located principally in rainforest areas in 
the tropical regions of the world (Li et al. 1998) between 20° latitude north and south of 
the Equator (Niemenak et al. 2009; Beckett, 2008) in a region delimited by the Tropics 
of Cancer and Capricorn (Afoakwa, 2010). 
 
Suited areas for cultivation of cocoa are to a maximum of about 1000 m above the 
sea level with temperatures that are generally within 18–32 °C. Additionally, this crop 
requires rainfall well distributed across the year, with a range between 1000 and 4000 
mm and a high relative humidity typically ranging between 70–80% during the day and 
90–100% at night (Afoakwa, 2010). The soil should be deep, rich and well drained 
(Beckett, 2008), but also well-aerated soils with neutral to slightly acidic (5.0–7.5) pH 
are essentials (Afoakwa, 2010). 
 
The most intensive production is concentrated in three major cocoa growing 
regions: West Africa, South-East Asia and South America. Production rate of this crop 
is mostly obtained by smallholdings. It is variable year to year due to variability of the 
disease damage, weather conditions and the establishment of new alternative 
employment in the cocoa producing areas (Beckett, 2008). 
The global production rate in 2009/2010 was of 3.613 million tonnes however, it 
experienced a deficit of 82,000 tonnes with respect to the past four productive years 
(Table 1). Such deficit brought a 24% increase in the prices (US$3,246 per tonne) which 
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in part were also due to variations of the most dominant currencies in the world. Within 
this period the highest cocoa producer was Africa, counting for 68% of world cocoa 
output. Ivory Coast is the leading country followed by Ghana as the second highest 
producer. Secondary production areas are in Asia and Oceania with 18% share and in 
the America with 14% share of the total production. Nonetheless, production trends 
point out that the world cocoa production has increased in 2.5% per year since 2001 to 
2010 (Table 1, ICCO, 2009/2010). Looking ahead and based on the high sensitivity of 
this commodity to changes in weather conditions the world cocoa production is thought 
to increase in 6% for the productive period 2012-2013, where Africa remains as the 
main producer (WCF, 2010). 
Table 1.Yearly production of cocoa by major exporting countries (thousand tonnes) 
Production area 2007/08 2008/09 2009/2010 
Africa 2693 (71.8 %) 2518 (69.9 %) 2458 (68.0 %) 
Ivory Coast  1382 1222 1242 
Ghana 729 662 632 
Nigeria 230 250 240 
Cameroon 185 227 190 
Others 166 158 154 
America 469 (12.5 %) 488 (13.5 %) 522 (14.4 %) 
Brazil 171 157 161 
Ecuador 118 134 160 
Others 180 197 201 
Asia & Oceania 591 (15.8 %) 599 (16.6 %) 633 (17.5 %) 
Indonesia 485 490 535 
Papua New Guinea 52 59 50 
Others 55 50 48 
World total 3752 (100 %) 3605 (100 %) 3613 (100 %) 
Source: ICCO Quarterly Bulletin of Cocoa Statistics, Vol. XXXVI, No. 4, Cocoa year 
2009/2010. 
1.5 Cocoa production and germplasm conservation in Nicaragua 
In Nicaragua, cocoa has had a historical importance due to its use as a local currency 
and as exotic food. Nowadays, the importance of this crop lies on its high demand in the 
chocolate industry at international markets. Thus, it represents a source of income for 
the farmers, who depend merely on the agricultural activities. However, also other 
benefits are obtained from its cultivation. Among them can be mentioned soil 
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conservation, animal shelter, and the possibility of including other food crops within the 
plantation of cocoa. 
 
Cocoa production is distributed in the country in municipalities such as Nueva 
Guinea, Bluefields, Kukra Hills, Siuna, Bonanza, Rosita, Waslala, Río Coco, 
Matagalpa, Jinotega, Río San Juan, Granada and with less proportion in El Mombacho, 
Meseta de los Pueblos, and Rivas (Figure 2). Cultivated area is approximately 6,700 ha 
planted at 700 to 800 meters above the sea level. The most important markets for this 
commodity are North America and Europe (El Nuevo Diario, 2009; INTA, 2010). 
 
 
Figure 2. Nicaragua map representing the cocoa growing regions. 
 
In Nicaragua the annual production of cacao is 1,500 tonnes/2.000-6.500 ha, with 
an approximate yield of 3.5 quintals/mz and priced at U$2-6 per kg (Buchert, 2009). 
 
In Nicaragua most of the cocoa germplasm is managed by small-scaled farmers and 
it is therefore subject to inadequate agricultural management (inadequate pruning, low 
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growth densities, inefficient shadow levels in the plantations, irregular weeding control 
activities, and lack of cleaning of sick pods from the trees) and propagation techniques 
(grafts, rooted cuttings, and propagation by collected seeds) which demand intensive 
labor, high costs, and a low multiplication rate. 
 
Both grafting and cutting propagation are the most common asexual methods 
applied throughout the cocoa growing regions. By these methods, the obtained plants 
are almost genetically identical to the parental plant because sometimes some minor 
mutations can occur (Toogood, 1999). 
 
Propagation by grafting is based on the joining two independent plants to form one; 
stronger and healthier plant thus, expressing the best characteristics of both parents. The 
root system emerges from one of the parents used as the rootstock whereas the aerial 
growth is provided by the other plant called the scion. Shoots produced above or below 
the join always exhibit the characteristic of the plant from where they are originated but 
not both. Through grafting the rootstock may confer to disease or pest resistance or even 
manipulate the top-growth of the resultant plant making it more vigorous (Toogood, 
1999). 
Cuttings are pieces of vegetative material obtained from any of the primary plant 
organs like stem, leaf, bud, or root. They are kept under controlled conditions of 
temperature, humidity, light, moisture, and nutrients to regenerate a complete plant with 
shoots and roots. These roots formed into cuttings are known as adventitious roots 
(Acquaah, 2009; Toogood, 1999). 
 
Before, both techniques above mentioned were applied empirically by farmers with 
very low rates of plant regeneration. Nowadays, INTA has trained farmers in how to do 
both techniques appropriately and how to take care of the treated tissues. It has helped 
to improve the plant regeneration and the quality of plants used for the establishment of 
new plantations as well as the spreading of these methodologies to others farmers. 
INTA also offers plants obtained through asexual propagation at very low prices to all 
the cocoa farmers. 
 
In cocoa, seeds are produced by open pollination which expands its heterozygocity 
(Li et al. 1998; Traore et al. 2003). Such situation increases the segregation of many 
important traits (Maximova et al. 2008) and damages by diseases and pests. As 
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consequence the yields have progressively reduced as well as the profitability of this 
crop. However, seed derived plants are important when desirable characteristic of two 
plants are required. These characteristics are expressed in the F1 generation and they 
can be further maintained by asexual propagation. 
 
The small cultivated areas and the in situ collection of cocoa germplasm maintained 
in the Research Station El Recreo, located in El Rama, RAAS (South Atlantic 
Autonomous Region), Nicaragua, are unique sources of genetic material for cocoa 
farmers, researchers and breeders from Nicaragua. Nevertheless, these collections are 
constantly threatened by unpredictable climatic catastrophes such as floods and drought 
which genetically erode the populations and subsequently can cause the loss of these 
valuable materials. 
These adverse situations together with the recalcitrant nature of cocoa seed and the 
lack of a national germplasm conservation program makes it imperative to apply 
biotechnological techniques such as somatic embryogenesis and cryopreservation. 
Through application of these techniques it is feasible to increase multiplication rates, to 
reduce the loss of valuable genetic and phenotypic traits concede by the allogamy of 
cocoa plant, and to preserve those species that are difficult to store due to the high 
moisture content within their tissues as well as high desiccation and freezing sensitivity 
(Chaudhury & Malik, 2004). 
 
Germplasm conservation can be achieved by maintaining cocoa genotypes as ex 
situ collections which will improve the possibilities to secure species from genetic 
erosion and preserve wide genetic diversity for future breeding programs in which the 
maintenance of the genetic characteristics without variation is required. According to 
the remarks stated by Treuren et al. (2009), using ex situ germplasm collections, it is 
possible to enrich the Nicaraguan cocoa gene pool for breeding because it allows 
conservation of domesticated and cultivated material, including landraces and bred 
material, together with their wild relatives. 
1.6 Somatic embryogenesis 
As one of the biotechnological techniques developed during the last 50 years, somatic 
embryogenesis offers the opportunity of generating plants from cell culture systems. 
Somatic embryogenesis is defined as a developmental process by which somatic cells 
  
14 
under suitable inducing conditions and proper timing undergo restructuring through the 
embryogenetic pathway to generate embryogenic cells. These cells then go through a 
series of morphological and biochemical changes that result in the formation of a 
somatic embryo making it possible to regenerate new plants in large scale (Schmidt et 
al. 1997; Komamine et al. 2005). It can be also described in a more simple way as a 
process by which somatic cells develop into plants through characteristic morphological 
stages such as globular stage, heart stage, torpedo stages (De Jon et al. 1993) and 
cotyledonal stages in dicots; globular scutellar and coleoptilar stages in monocots; and 
globular, early cotyledonary and late cotyledonary embryos in conifers (Yang & Zhang, 
2010). Another definition by Deng et al. (2009) states that somatic embryogenesis is the 
in vitro production of somatic embryos from somatic cells. 
 
Somatic embryogenesis has turned into an alternative method for large scale 
multiplication of cocoa plants mainly because the resultant plants are genetically and 
phenotypically identical to the donor plant (Li et al. 1998). First attempts in cocoa 
somatic embryogenesis were carried out using zygotic embryos (Esan, 1992). Lately, 
this methodology has been applied to somatic tissues of flowers like staminodes and 
petal cultures for the purpose of relieving the heterogeneity gained by seed propagation 
(Li et al. 1998; Maximova et al. 2002; Tan & Furtek, 2003). 
 
Development through somatic embryogenesis includes a number of characteristic 
events: dedifferentiation of cells, activation of cell division, and reprogramming of their 
physiology, metabolism, and gene expression patterns (Yang & Zhang, 2010). It can 
probably be achieved for all plant species provided that appropriate explants, culture 
media and environmental conditions can be established (Von Arnold et al. 2002). 
Normally, auxin hormone stimulates the embryo formation from somatic tissues when 
these tissues are primarily exposed to its action and secondly transferred to a new 
medium without auxin. The influence of auxin is to rejuvenate the cells to reacquire the 
capacity of a zygote to produce an embryo (Monnier, 1990). The emerging somatic 
embryos are diploid, and have a bipolar structure (axis stem-root). They do not present a 
vascular connection with the mother tissue, and can, for that reason, be easily separated 
from the explants tissue. In addition, the first leaves of the embryo have characteristics 
that are typical of cotyledons (Von Arnold et al. 2002; Monnier, 1990; George et al. 
2008). 
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Somatic embryos can differentiate either directly from the explant without an 
intervening callus phase or indirectly after a callus phase (Williams & Maheswaran 
1986). Direct embryogenesis commonly occurs when microspores, ovules, zygotic and 
somatic embryos, and seedlings are used as explants for plant propagation (Von Arnold 
et al. 2002; Germana, 2003; Malik et al. 2007). 
The main difference between direct and indirect embryogenesis is that, the first one 
takes place from embryogenically predetermined cells while the latter one, takes place 
from undetermined cells requiring the formation of non-differentiated callus first (Von 
Arnold et al. 2002). 
 
Typically, embryogenic and non-embryogenic callus are distinguishable based on 
their morphology and color (Von Arnold et al. 2002; Yang et al. 2010). Embryogenic 
callus presents nodular features and a smooth surface (Yang et al. 2010). They are 
composed of proembryogenic masses or PEMs (Von Arnold et al. 2002), which can 
usually be defined as clusters of small cytoplasmic cells (De Jon et al. 1993), i.e. 
embryogenic cells. Such type of cells form somatic embryos and are generally small and 
isodiametric in shape (Yang et al. 2010).These types of cells usually appear after re-
initiation of cell division and a period of proliferation of the released explant cells in the 
presence of auxin (De Jon et al. 1993). In contrast, non-embryogenic cells are rough, 
friable, and translucent (Jimenez & Bangerth, 2001). 
 
1.6.1 Different stages of somatic embryogenesis 
The complex physiological process of plant totipotency, by which a single cell is 
capable of forming a whole plant, relies on the ability of the cells to multiply and 
differentiate through the tissue culture. Plant multiplication through the process of 
somatic embryogenesis consists of five main stages well differentiated among them: 
 
The first step during somatic embryogenesis is the initiation of the embryogenic 
culture (Figure 3). This refers to the transition of certain somatic cells to acquire the 
potential to activate genes involved in generating embryogenic cells (Quiroz-Figueroa et 
al. 2002). Lo Schiavo et al. (1989) states that this phase is characterized by replacement 
of the gene expression pattern in the explants tissue for an embryogenic gene expression 
program. Plant growth regulators and stress are considered to be the two main causes in 
activating the signal transduction cascade that leads to reprogramming of the gene 
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expression (Dudits et al. 1995). Constant research have demonstrated that auxins are the 
key hormones that induce the formation of embryogenic callus and, the mechanism 
whereby they may regulate embryogenesis is thought to be the acidification of the 
cytoplasm and cell-wall (Kutschera, 1994). This mechanism is based on the acid growth 
hypothesis which explains that when endogenous auxin (IAA) synthesis is activated by 
exogenous auxin concentrations susceptible cells start the secretion of the enzyme H+-
ATPase across the plasma membrane. This proton excretion reduces the apoplastic pH 
and activates proteins called expansins. Expansins act in breaking the hydrogen bonds 
between the cell wall fibers allowing water inclusion to the cell whereby the stretching 
irreversibly of the wall occur (Taiz & Zeiger, 2002; Di Tomaso, 2002). This type of 
hormonal response induces uncontrolled growth and the production of callus tissue. 
However, in recalcitrant genotypes if exogenous auxin concentrations are very high 
during the callus phase induction the growth of the callus masses could result imbalance 
leading to a further reduced embryogenic potential (Wang et al. 2006). 
 
After the beginning of the embryogenic cell formation the cultures must be 
transferred to the second phase called proliferation of embryogenic callus culture(Figure 
3): After the formation of embryogenic callus it is necessary to induce the cells to 
proliferate. Embryogenic cell proliferation is achieved in most cases by hormonal 
treatment often auxin (mainly 2,4-D) for prolonged period of time. Usually, the same 
medium is used as in the first, initiation stage. This medium is maintained with low pH 
of 5.8 to around 4 (George et al. 2008). During this period the synthesis of DNA is 
highly active in localized regions of the cell clusters (Yasuda et al. 2000). Therefore, it 
can be said that both DNA synthesis and the constant cell division are present during the 
initial and later steps of somatic embryogenesis (Yang & Zhang, 2010). However, it is 
known that long span (longer than six months) within the same in vitro condition leads 
to both reduction of the embryogenic potential of the callus clusters and to elevated risk 
of somaclonal variation. 
 
Once enough material is obtained through the continuous cell division the third 
stage takes place. It is called prematuration of somatic embryos (Figure 3): the first 
stages of embryo development (globular to heart shape) are induced using hormone free 
medium (Yasuda et al. 2000). This is because during the continuous exposure to auxins 
in the second phase it is believed that embryogenic masses synthesize all the gene 
products necessary to complete the globular stage of embryogenesis (Zimmerman, 
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1993). Auxins are important in somatic embryogenesis for being the primary promoters 
of growth and differentiation of embryogenic cells through the regulation of changes in 
cellular gene expression (Gray, 2004). First genes to be activated by auxins are the early 
genes (AUX/IAA gene family) which encode proteins that regulate the transcription of 
secondary responsive genes. Secondary activated genes are responsible for the long 
term responses of the hormone (Taiz & Zeiger, 2002). However, numerous mRNAs and 
proteins that inhibit the sequence of the embryogenesis program can also be produced at 
the same time. Thus, the importance of removing auxins from the medium relies on the 
inactivation of this negative effect (Zimmerman, 1993; Padmanabhan et al. 2001). On 
account of this fact Hagen & Guilfoyle, (2002) assert that Aux/IAA mRNAs are rapidly 
depleted in auxin free medium. Further growth of the early embryos is triggered by the 
activation of new genes which only occur when exogenous auxin is removed and the 
explant is capable of synthesize its own (Zimmerman, 1993). 
 
The later stage of the embryo development is the maturation of somatic embryos 
(Figure 3): At this stage embryos experience many morphological and biochemical 
changes and eventually establish the definite architecture of the seedling. Among these 
can be mentioned differentiation of the vegetative tissues and organs as well as the 
accumulation of storage products such as proteins and lipids (Thomas, 1993). In many 
plant species maturation of somatic embryos is achieved by adding abscisic acid to the 
medium in concentrations between 10 to 50 μM (George et al. 2008). Prolonged 
treatment usually increases the number of mature embryos formed. However, it can 
have a negative after-effect on plant growth (Bozhkov & Von Arnold, 1998). Another 
way by which germination of somatic embryos is successfully done is through a 
dehydration treatment that reduces the osmotic potential in the maturation medium. 
Some agents used for this goal are inorganic salts, amino acids and sugars (Mc Kersie & 
Brown, 1996). 
 
Culmination of the somatic embryogenesis process is achieved by the regeneration 
of healthy plants (Figure 3): Success in quality of plants regenerated by somatic 
embryogenesis relies on the knowledge of the different morphological and physiological 
developmental periods that occur throughout the somatic embryo production. Regarding 
to all the steps within this complex process well developed in vitro plants are obtained 
only from those mature embryos that were capable of accumulating enough storage 
materials and acquired desiccation tolerance, while those that grow up in medium 
  
18 
without plant growth regulators seem to show a weak development to plant (George et 
al. 2008). 
 
The importance of using this advanced clonal propagation method for breeding lie 
on the possibility of obtaining virus and disease free plants, promoting a less 
dissemination of diseases, allowing the economic mass propagation of elite genotypes, 
and diminishing the heterocygocity gained by seed propagation of the genotypes 
worked on. 
 
 
Figure 3. Cocoa plant production through somatic embryogenesis. Photos: Donald 
Juárez. 
 
1.7 Cryopreservation of plants 
Somatic embryogenesis is important for the conservation of in vitro produced materials 
especially of germplasm with recalcitrant nature (cannot be dried to moisture contents 
that are low enough for storage, as for instance many tropical trees) i.e. mango, cocoa, 
avocado, litchi, jackfruits etc.; or vegetative propagated species (banana, citrus etc.) 
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(Sharma, 2005; Rai et al. 2009; Martínez et al. 2003). Nowadays, cryopreservation 
provides a tool for storage of plant germplasm other than seeds. Engelmann, (2004) and 
Sharma, (2005) reported that cryopreservation protocols have been established for an 
estimated number of 80 to 200 plant species that are in vitro propagated under various 
forms. Cryopreservation has been utilized for various agronomically important crops; 
e.g. banana (Panis et al. 1996; Panis, 2009); potato (Sarkar & Naik, 1998); papaya 
(Castillo et al. 1998); etc. and is under active research. 
 
Cryopreservation as an application of cryobiology provides a method to store plant 
material at ultra-low temperatures (-196 °C) which is usually carried out by liquid 
nitrogen (Sharma, 2005). Under these conditions chemical, biological and physical 
processes are efficiently arrested (Simione, 1998; Karlsson & Toner, 1996). 
Cryopreservation in plants is commonly used for storage of cell suspension and callus 
cultures, and is now becoming more useful for organized tissues such as apices, 
meristems, zygotic and somatic embryos (Reed, 2008; Sharma, 2005) because they are 
genetically more stable. 
 
Cryopreservation induces ice formation within the cell. Ice formation is influenced 
by the degree of the cooling process using low-subzero temperatures. Traditional 
cryopreservation was firstly done by conditioning the cell to low temperatures through 
controlled slow cooling process (usually 0.5-2°C/min until the temperature reached 
about –40°C) before their immersion in liquid nitrogen. This method is mostly 
applicable to non-organized tissues, like cell suspensions and calli (Martínez et al. 2003; 
Panis & Lambardi, 2005). However, when slow cooling process is used, ice formation 
mostly occurs with water from the extracellular spaces. Thereby, water is taken out of 
the cell from the cytoplasm and vacuoles in order to regulate the osmotic imbalance, 
thus the solutes become concentrated in the remaining liquid water in the cell (Simione, 
1998). It inhibits the coming together of water molecules to form ice but also puts at 
risk the normal cellular function because of osmotic injury what is known as colligative 
damage (Benson, 2008). On the other hand, when cells are subjected to rapid cooling 
process ice formation is more equal and the osmotic imbalance is less harmful. 
However, in most of the cases there is more intracellular ice formation, which is fatal 
for the cell (Simione, 1998). 
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During the development of cryopreservation methods, researchers have been trying to 
explore how the freezing process affects the cell and how cells can get over the negative 
effects. The key to success in cryopreservation seems to be the balance between the 
slow and the rapid cooling process (Reed, 2008). 
 
The most recent cryopreservation techniques involve methods like vitrification, 
encapsulation dehydration, pre-growth, pre-growth desiccation, desiccation, and 
dormant bud preservation (Reed, 2008; Sharma, 2005). These techniques are based on 
reducing the cellular water content in order to decrease the risks of injury by the ice 
crystallization (Sharma, 2005) and enabling the vitrification principle. 
Vitrification is defined as a physical process in which a highly viscous solution 
experiences a conversion to an amorphous and glassy state at freezing temperatures 
(Fahy et al. 1984; Dobrinsky, 1996; Panis & Lambardi, 2005; Panis et al. 2005; Day & 
Stacey, 2007). This state is achieved by decreasing the water content of the cell through 
exposure of the tissues to air drying, freeze dehydration and the application of 
penetrating or non-penetrating substances. Such treatments are carried out in order to 
increase the solute concentration in the cell thereby increasing the viscosity of the 
cellular liquid phase and minimizing the ice crystallization (Panis et al. 2005). 
 
Effective vitrification requires rapid freezing rate and a concentrated cellular 
solution. The rapid freezing rate (normally 6 °C/sec) is carried out by enclosing the 
tissues in cryovials and plunging them in liquid nitrogen. Nonetheless, higher cooling 
rates are obtained when tissues are placed in semen straws (60°C/sec) or on aluminum 
foil strips (130°C/sec) as the case of the droplet freezing protocol used for preserving 
meristems (Panis & Lambardi, 2005). 
 
The cryoprotection of the vitrification-based technique is reached when the water 
content in the cell is minimal and the solute concentration promotes high cell viscosity 
thus, allowing the formation of glass instead of ice nucleation. Due to the instability of 
this state during the cooling and rewarming of the tissues it is important to pretreat the 
tissues with cryoprotective additives (i.e sugars) followed by a short period of 
dehydration (Benson et al. 2007). 
 
To date, methods for controlling the cooling rate include a sequence of 
manipulations by which the sample is precultured or acclimated and then cryoprotected 
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(Benson, 2008) usually with glycerol, ethylene glycol (EG) and dimethylsulfoxide 
(DMSO), which is the main penetrating colligative cryoprotectant and, it may be 
combined with non-penetrating osmotically active additives such as sugars, or 
polyethylene glycol (Simione, 1998). 
 
1.7.1 Different methodologies for cryopreservation of plants 
There are diverse methods developed in order to store valuable plant material for long 
periods of time through cryopreservation. Some of them can be used for specific plant 
materials others are applicable to many tissues (shoot tips, meristems, somatic embryos) 
by making only small modifications. 
 
The vitrification method sometimes called droplet vitrification method consists in 
treating primarily the explants with loading solution which contains 2 M glycerol and 
0.4 M sucrose dissolved in MS (Murashige and Skoog) medium (pH 5.8). The exposure 
time varies between 20 min and 5 h (Panis, 2009). In taro, it has been proven that 
loading can dramatically enhance the tolerance of isolated meristems to dehydration by 
the vitrification solution (Takagi et al. 1997). After that explants are moved to a 
concentrated vitrification solution for variable periods of time (from 15 minutes up to 2 
hours), followed by a direct plunging into liquid nitrogen. The vitrification solution 
consists of a concentrated mixture of penetrating and non-penetrating cryoprotectant 
substances. The most commonly applied vitrification solution, a common cryoprotectant 
is named“PVS2” (Plant Vitrification Solution n° 2). It consists of 30% glycerol, 15% 
ethylene glycol, 15% dimethyl sulfoxide (DMSO), and 0.4 M sucrose (Panis & 
Lambardi, 2005). 
 
Encapsulation dehydration is the other of the most common methods for plant 
cryopreservation. With this method explants (usually meristems or embryos) are firstly 
encapsulated in alginate beads which are also enriched with mineral salts and organic 
compounds, thus forming what is called a synthetic seeds. Then, the capsules are treated 
with high sucrose concentration, dried down to a moisture content of 20-30% (under air 
flow or using silica gel) and subsequently rapidly frozen in liquid nitrogen. The 
procedure can be considered rather lengthy and labor-intensive, however the high 
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success in the recovery of the explants after thawing is primarily promoted by the 
nutritive surrounding of the explant (the bead) (Panis & Lambardi, 2005). 
 
Besides complex methodologies there are also quick and easy techniques such as 
the pregrowth technique, the pregrowth desiccation and the desiccation technique. The 
pregrowth technique, conversely to the first two methods, basically consists in culturing 
the explants in medium containing cryoprotectants (sucrose, proline, ABA) followed by 
rapid freezing in liquid nitrogen. This technique has been set in Musa species and 
Ipomoea batatas using somatic embryos (Blackesley et al. 1996). Meanwhile, in the 
pregrowth desiccation technique explants are also cultured on medium but in this case 
the aim is to provide desiccation tolerance and minimize cryoinjuries. Desiccation 
tolerance is achieved by supplementing the medium with high sucrose concentrations, 
abscisic acid or proline. Subsequently, explants (somatic embryos) are exposed to a 
short period of drying in laminar air flow or within silica gel desiccator and then frozen 
in liquid nitrogen (Sharma, 2005). 
 
The other simple technique applied for plant cryopreservation is desiccation. It is 
done by dehydrating the plant material under air current usually provided by the laminar 
air flow cabinet or in an airtight container with silica gel. Then the explants are rapidly 
frozen in liquid nitrogen. The optimized water content to ensure good survival rate after 
thawing is 10-20% (Sharma, 2005). Desiccation treatment is easy and it is considered as 
the simplest technique because it does not require neither expensive freezing equipment, 
larger storage space, nor cryoprotector solutions (Popova et al. 2010). 
 
Once accessions are kept in low temperature treatment, it is believed they can 
remain viable for indefinite period of time (Sharma, 2005) assuring the long-term 
storage. Therefore, cryopreservation can be considered as a valuable secondary backup 
for primary collections of clonally-propagated plants or as a secure system for 
maintaining the embryogenic potential or metabolic potential of important cultures. 
Further, preservation only in field collections is risky, as valuable germplasm can be 
lost (genetic erosion) because of pests, diseases and adverse weather conditions. 
 
However, cryopreservation has not been seen as a possibility for total replacement 
of the traditional in situ and ex situ approaches of germplasm preservation. It should be 
regarded as complementary resource for the conservation and use of gene banks, to 
  
23 
provide a real guarantee against accidental loss of plant genetic resources (Panis & 
Lambardi, 2005). Moreover, this important biotechnological technique has its 
limitations associated with limited financial and human resources (Reed, 2008). 
1.8 Cryopreservation in cocoa 
Nicaraguan cocoa as an economically important tree crop for the country is maintained 
only in field collections. This requires high input in land and labor and the collections 
are exposed to pests, diseases and also adverse environmental conditions. Such scheme 
makes it essential to incorporate a durable conservation program of this crop. 
 
In vitro maintenance of cocoa can be seen as an alternative although it is also labor 
intensive due to subculturing and difficult due to its high production of phenolic 
compounds and ethylene. Their negative effect is seen in the reduction of the 
multiplication potential of the tissues. The synthesis of these compounds is attributed to 
the cellular dedifferentiation and to a response to wounding and stress bring by tissue 
culture conditions in order to induce somatic embryogenesis (Alemanno et al. 2003). 
Moreover, the risk of somaclonal variation is likely to increase with extended culture 
duration (Fang et al. 2004). In this sense cryopreservation may offer the most viable 
storage conditions for long term as there are studies indicating that cocoa somatic 
embryos can be derived from floral explants (Alemanno et al. 1997; Maximova et al. 
2002; Niemenak et al. 2008; Minyaka et al. 2008; Guiltinan & Maximova, 2010). 
 
Available studies of cocoa cryopreservation using somatic embryos have not been 
done massively however, these few studies have been very important to set the basis of 
the secure preservation of this crop. Precursors in this research area are Fang et al. 
(2004) from United Kingdom and Quainoo (2009) from Ghana; both of them using 
genotypes from the cocoa collection maintained in the University of Reading 
Intermediate Cocoa Quarantine Unit. 
 
This type of research has not been possible in Nicaragua to some extend not only 
by the high cost that this study but also the lack of human resources capable of leading 
the primary stages of the process of micropropagation in order to obtain somatic 
embryos. Therefore, the present paper is considered to be the first step on the long way 
that biotechnology is starting to run in Nicaragua by describing the establishment of a 
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complete protocol to produce viable cocoa somatic embryos and their further 
cryopreservation. 
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2 OBJECTIVES 
Based on the previous considerations the present study was focused on the following 
objectives: 
 
 To validate a reliable protocol for generation of somatic embryos and plant 
production in three different cacao genotypes. Previously established protocol by 
the Pennsylvania State University (Guiltinan & Maximova, 2010) was 
evaluated. 
 
 To compare the secondary embryo production and plantlet development when 
explants are maintained in four different time regimes in secondary callus 
growth medium. 
 
 To test and validate a methodology for embryo conservation of cacao at long 
term. 
 
We hypothesized that there will be different responses from the genotypes to the 
embryo formation and plantlet development under the same somatic embryo production 
protocol influenced by the flower age and the type of flower tissue. Also, that the plant 
regeneration rate after freezing treatments will be affected by sucrose pretreatment, 
dehydration period, and regeneration media. 
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3 MATERIALS AND METHODS 
3.1 Plant material and explant sterilization 
3.1.1 Culture media and equipment 
The culture media tested for somatic embryogenesis and plant regeneration was 
according to the protocol of cacao tissue culture developed by The Pennsylvania State 
University (Guiltinan & Maximova, 2010) (http://guiltinanlab.cas.psu.edu/ ). Media 
detailed in this protocol are primary callus growth medium (PCG), secondary callus 
growth medium (SCG), embryo development medium (ED), primary embryo 
conversion medium (PEC), root induction medium (RI) and root development and 
maintenance medium (RD). Media used in this research were adjusted to pH 5.7 and 5.8 
with 1 M KOH and autoclaved at 121ºC for 20 min. Before the culture activities, the 
laminar flow cabinet was maintained in aseptic conditions using ethanol 75%. 
 
All glassware was cleaned with 1 % sodium hypochlorite (NaClO3) for 24 hours, 
and then they were rinsed with distilled water and detergent. Forceps and scalpels were 
sterilized at 200°C for seven hours. 
3.1.2 Sca-6 
Immature unopened flower buds of small (SS = 2-3.5 mm) and medium-large size (LS = 
3.5-5 mm) were collected in the morning from several cacao trees (Scavina-6 genotype) 
grown in the Research Station El Recreo, located in El Rama, RAAS (South Atlantic 
Autonomous Region), Nicaragua. 
 
Flower buds were placed in Falcon tubes (50ml) containing sterile cold water 
(4°C), which were then placed within a handheld thermo with ice to avoid dehydration 
damage during transportation. Surface sterilization was performed by dipping the flower 
buds in a beaker containing sodium hypochlorite (0.5%) for 5 min. and rinsing them 
with distilled sterile water for 3 times. After that, flower buds were separated by size 
and kept in a borosilicate glass 3.3 (250ml) containing sterile water. 
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3.1.3 Reading clones 
Established embryos of different developmental stages for the clones LCTEEN 28/S-1 
and PA 169 were kindly provided by the University of Reading Intermediate Cocoa 
Quarantine Unit by Dr. Andrew J. Daymond. LCTEEN 28/S-1 is originated from 
Ecuador and it was obtained from a cross between LCTEEN 28 and an unknown 
genotype. PA (Parinari) 169 is originated from Peru from a cross between the clones 
CEPEC 1015 and AX 181 (http://www.icgd.reading.ac.uk/search.php). 
 
3.2 Dissection and callus initiation 
Culture initiation was conducted at the laboratory of tissue culture from the National 
Agrarian University (UNA), Managua, Nicaragua, during December 2010. 
Micropropagation and cryopreservation of cacao was carried out at the University of 
Helsinki, Finland from January to December 2011. 
 
3.2.1 Sca-6 
Flowers buds were carefully dissected 1/3 from their base through their length using a 
sterile scalpel blade. Staminodes and petals were extracted using sterile point forceps 
and immediately transferred to petri dishes (92 x 16 mm) containing 25 ml of callus 
inducing semisolid MS medium (Murashige & Skoog, 1962) enriched with sucrose (30 
g/l), myo-inositol (20 g/l), ascorbic acid (20mg/l), 2,4-dichlorophenoxyacetic acid (2 
mg/l), and agar (3 g/l). A number of 25 explants (petals or staminodes, respectively) 
were distributed on the surface of each dish assuring good contact with the medium. A 
total of 20 plastic petri plates were cultured for each type of explants. Dishes were 
labeled according to the flower size from where tissues were taken, sealed with 
parafilm, covered with aluminum foil to keep them in dark, and stored in a growth room 
at 25°C. Cultures were maintained under these conditions during 18 days in which are 
included 3 days of transportation to Finland. 
 
After that, cultures were gently moved to petri dishes containing 30 ml of primary 
callus growth medium (PCG) (Guiltinan & Maximova, 2010) with an average of 20 
explants onto each dish. Dishes were labeled, sealed with parafilm and placed in the 
dark for 21 days. Subsequently, tissues were moved to secondary callus growth medium 
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(SCG) (Guiltinan & Maximova, 2010) twice for 14 days under the same growing 
conditions. 
3.3 Somatic embryo induction 
Embryo induction in somatic embryogenesis is generally referred as the potential of one 
cell group (callus) to differentiate in embryos by the effect of using plant growth 
regulators. The medium used in this phase is named embryo development medium (ED) 
(Guiltinan & Maximova, 2010). It was composed of DKW basal salts, 100.0mg myo-
inositol per L, 2.0mg thiamin-HC1 per L, 1.0mg nicotinic acid per L, 2.0 mg glycine per 
L, 30.0g sucrose per L, 1.0g glucose per L, and 2.0g phytagel per L. (Guiltinan & 
Maximova, 2010; Li et al. 1998). 
3.3.1 Sca-6 – Primary somatic embryos 
After their staying in SCG, callogenic explants were transferred to petri dishes (92 x 16 
mm) containing 30 ml of ED hormone free medium in a number of 22 explants per petri 
dish. Plates were sealed with parafilm and maintained in the dark during 14 days at 
25°C. This stage was repeated until embryo formation and their further differentiation 
(globular, heart, torpedo, and mature stage). 
3.3.2 Reading clones 
Because both clones LCTEEN 28/S-1 and PA 169 already formed embryos of different 
developmental stages they were sub-cultured on ED medium every 14 days to maintain 
the embryo development. 
 
3.3.2.1 Secondary callus development and maintenance 
 
Mature embryos were those that showed complete development of cotyledons and 
hypocotyls and exhibited pink coloration on their cotyledons and brown striation along 
to their hypocotyls (Guiltinan & Maximova, 2010). In order to increase their number 
secondary embryogenesis was induced. Mature cotyledons from the primary embryos of 
both clones were excised from their hypocotyls and cut in pieces of approximately 4 x 4 
mm size using sterile scalpel blade and sterile fine point forceps. For their maintenance, 
tissues were cultured on SCG medium guaranteeing a good contact with the medium 
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surface in a number of 12 to 20 per dish. Explants were cultivated for different time 
periods (2, 4, 6, and 8 wk) on SCG medium in order to know the response to the embryo 
induction. The number of dishes for every subculture process varied. Each plastic petri 
plate contained 30ml of medium. 
 
To induce secondary embryo production, the explants were moved from SCG to 
ED medium. They were cultured in petri dishes (92 x 16 mm) containing 30ml of ED 
medium and maintained in the dark at 25°C with continuous subcultures every 14 days 
until obtaining mature secondary embryos. 
 
3.5 Cryoconservation of cacao by the encapsulation-dehydration method 
After well formed secondary somatic embryos (early-cotyledonary stage) were obtained 
from primary embryos of both clones LCTEEN 28/S-1 and PA 169, they were selected 
based on their size (4 to 5mm), coloration (whitish), and texture. 
 
3.5.1 Encapsulation dehydration method 
Selected early-cotyledonary stage embryos were encapsulated by transferring them to a 
plastic petri dish (92 x 16mm) containing 40ml of liquid ED medium enriched with 3% 
(w/v) alginic acid sodium salt from brown algae (2% viscosity, Fluka Biochemika, 
71238). After that, embryos were taken individually using a cut 5ml tip pipette and 
poured as drops into liquid ED medium containing 100mM CaCl2·2H2O. They were 
kept there for 30 min. in order to favor a good polymerization of the beads. After that, 
the capsules (beads) were transferred to a metallic strainer to release them from calcium 
chlorite. Subsequently, they were rinsed with sterile milli Q water for 5 seconds and 
placed over sterilized qualitative filter paper (90mm, VWR European, 516-0814) to get 
rid of the water. Groups of 10 encapsulated embryos were then pre-cultured on plastic 
petri dishes containing 30ml of ED medium enriched with 0.087 M (control), or with 
0.3M sucrose for 3 days, followed by incubation with higher levels of sugar (0.3, 0.5, 
0.7, and 1 M sucrose, Table 2) for 4 days. Each treatment was replicated three times. 
 
Dehydration period was for 4 hours according to Fang et al.(2003). It was 
performed in the laminar hood air flow by placing the pre-cultured encapsulated 
embryos on top of 30g of dry silica gel separated by a sterile filter paper (90mm). Once 
  
30 
the dehydration time was completed, the beads of each dish were placed into 1.5ml 
cryogenic vials (Nalgene cryoware, 5000-0020) which, were immediately soaked into 
liquid nitrogen (LN) for 1 h. After the freezing treatment, the thawing process started 
with taking the tubes out of the LN and placing them inside a 35°C water bath for 5 
min.  Once they were thawed, capsules were taken to the laminar and the embryos were 
plated on ED medium containing 0.3 M sucrose for 3 days (0.087 M for the control) and 
then transferred to standard ED medium for 14 days in dark conditions at 25°C. 
Subcultures on standard ED medium were done every 14 days (Fang et al. 2004 & 
Quainoo, 2009). 
 
Table 2. Tested cryoconservation treatments 
    
Freezing Treatment  
  1
st 
Sucrose Pretreatment 2
nd 
Sucrose Pretreatment Dehydration (1 Hour) 
Treatment Sucrose (M) (3 Days) Sucrose (M) (4 Days)  time (Hours) + LN - LN 
1 0.087 0.087 4 + - 
2 0.3 0.3 4 + - 
3 0.3 0.5 4 + - 
4 0.3 0.7 4 + - 
5 0.3 1 4 + - 
6 0.3 0.5 
 + - 
Treatments are composed by 3 replicates with 10 explants each one 
LN: Liquid Nitrogen 
 
3.5.2 Measurement of water loss from encapsulated embryos 
Ten embryos of the clone PA 169 from the five sucrose pretreatments evaluated on the 
cryopreservation part were used for recording the water loss from the capsules. Fresh 
weight of the embryos was recorded after their encapsulation with sodium alginate as 
well as after the sucrose pretreatment periods and the dehydration in the laminar air 
flow hood (4 hours). 
 
3.6 Plant regeneration 
As mature secondary embryos (developed pink cotyledons and a distinguished radical 
organ) from the clone LCTEEN 28/S-1 started to be visible, they were selected by size 
(1-2cm; > 2cm) after two times on SCG (3 & 4 weeks). They were cultured on primary 
embryo conversion medium (PEC) (Guiltinan & Maximova, 2010) to induce plant 
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regeneration. Embryos were vertically positioned (root tip first) at a density of 7 
embryos per dish. 
Plastic petri dishes (100 x 20mm) containing 40 ml of medium were used as culture 
vessels. Culture dishes were sealed with parafilm and maintained under light (16/8h 
photoperiod) conditions at 25°C. Subculture of embryos to fresh PEC medium in jars 
containing 60 ml of medium was done after 30 days when embryos turned to green and 
were 2.5 to 5cm long. Seven embryos were cultured in every jar. Growth of shoot-
producing embryos with 2 leaves of at least 2cm in length was assessed after three 
subcultures on PEC medium (Guiltinan & Maximova, 2010). 
3.8 Data analysis and variables 
3.8.1 Somatic embryo generation 
Various variables were evaluated independently for each genotype. During the four 
different subculture times in SCG medium the following variables were evaluated: 
coloration of cell groups (callus clusters), percentage of callus growth on the explants 
surface (No callus = 0, Few = 20%, Half = 50 to 75%, Whole = 100%) and the 
consistency of the callus growth (soft or granular). 
 
Once somatic embryos were clearly appreciated on individual explants, the 
following variables were assessed:  the number of explants that produced embryos, the 
number of embryos generated by individual explants, and the total number of embryos 
generated by explants during their maintenance on ED medium. Embryos were 
considered as mature when they presented a well-developed cotyledonary part as well as 
a distinguished radical organ. Means and standard errors (S.E.M.) were assessed using 
analysis of variance (ANOVA). 
3.8.2 Long term embryo conservation 
Variables that were evaluated in this phase were: pre-culture duration in different 
sucrose concentrations(0.087, 0.3, 0.5, 0.7, and 1 M) and the regeneration capacity of 
the embryos after the freezing treatment (1 h).The green coloration maintenance of the 
embryo was recorded as well as the capacity to generate new tissue growth after the 
emergency from the alginate capsule. 
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Data was analyzed using a completely randomized design with three replicates of ten 
embryos repeated three times per treatment. 
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4 RESULTS 
4.1 Scavina-6 
4.1.1 Primary callus induction 
The success of micropropagation by somatic embryogenesis relies on the capacity of the 
explants to generate viable callus, which are further induced to form somatic embryos. 
In cacao, floral tissues especially petals and staminodes have previously been used as 
explants to start callus production (Alemanno et al. 1997; Li et al. 1998; Maximova et 
al. 2002). 
 
Using the genotype Scavina-6 collected from the Research Station El Recreo, 
located in El Rama, RAAS (South Atlantic Autonomous Region), Nicaragua; callus 
induction capacity of both tissues (petals and staminodes) was tested by using two 
developmental stages of the flower (Table 3). 
 
Initially, callus induction test was established for an equal number of petals and 
staminodes. However, contamination in some of the plates reduced the number of 
explants and the callus induction evaluation was maintained with those that were 
healthy. Responses of calli of 115 petal and 80 staminode explants turned out to be slow 
in this genotype. This was evident due to a no callus formation after 18 days cultured on 
MS medium as well as after the incubation period o PCG medium (21 days). After the 
first (2 week) subcultivation on SCG medium, the superiority of the petals to generate 
callus in most of the explants (85.22 %) over staminodes was shown (Table 3). This 
result was obtained by the petals from small flowers. 
 
For small flowers (SS), staminodes were plated to grow separately on the medium 
while those from long flowers (LS) were left to grow in cluster of five staminodes. After 
the same time, staminodes that grew individually distributed on the medium responded 
better to the callus induction (69.23 %) compared to those that were grown in non-
separated clusters (Table 3) (Figure 4). 
 
 
 
 
  
34 
Table 3. Callus induction of petals and staminodes from cocoa flowers of two 
physiological ages. 
Cacao 
genotype 
Age 
(weeks) 
Flower 
size 
Tissue 
Growth 
arrangement 
Explant 
callusing  
% 
Scavina-6  
1-2 SS 
Petal   75/88 85.22 
Staminode Individual 9/13 69.23  
2-3 LS 
Petal 
 
21/27 77.77 
Staminode Together 11/67 16.41 
SS: small flowers; LS: long flowers. 
 
 
Figure 4. Callus growth on staminodes after the second culture on SCG medium. a) 
Staminode cultured individually. b) Staminodes growing together. 
 
All the explants that generated callus expanded in size by the continuous callus 
growth which, often occurred in clusters. In most of the staminodes such growth led to 
the development of compact masses of callus with granular consistency that showed a 
whitish or transparent coloration on the areas with new tissue growth (Figure 5). 
 
After the tenth subculture on ED medium, callus growth on the staminodes that 
were cultured together was very poor and most of them died exhibiting at the same time 
a black and dry appearance. 
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Figure 5. a) Staminode during culture on PCG medium; b) Staminode after second 
culture on SCG medium; c) Staminode after third culture on ED medium. 
4.1.2 Induction of primary somatic embryos 
During the somatic embryo induction it was possible to continue to measure callus 
growth by evaluating the area of the explants covered by callus. Embryo induction 
comprised of ten subcultures on ED medium and each of them was completed after two 
weeks. After three subcultures on ED medium 14.44% of the petals from small flowers 
presented no callus growth. After the fourth subculture the proportion of petals without 
callus was less and it was2.23% after the tenth subculture (Figure 6). On the other hand, 
massive callus growth on the whole surface of the explants started already after the first 
subculture and it increased near to 100% (71.11% to 97.77%) of the explants after every 
subculture (Figure 6). Similarly, petals from long flowers showed very similar callus 
growth pattern (Figure 6). 
 
 
Figure 6. Callus formation on petals of Scavina-6 during ten subcultures on ED 
medium. a) Petals from small flowers. b) Petals from long flowers. 
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Different from the petal explants, all staminode explants showed callus growth to some 
extent. From the total number of staminodes of small flowers, 77.78% displayed callus 
growth over their entire surface after the first culture on ED medium. Callus formation 
became even more pronounced (100%) from the fourth subculture onwards (Figure 7). 
It was also observed that staminodes from more mature flowers tended to generate 
callus all over their surface much faster; already from the second culture on ED medium 
(Figure 7). 
 
 
Figure 7. Callus development on staminodes of Scavina-6 during ten subcultures on ED 
medium. a) Staminodes from small flowers. b) Staminodes from long flowers. 
 
4.1.2.1 Pigmentation of callus tissues 
 
The coloration of the callus clusters has been used as an indicative sign to evaluate the 
embryogenic potential of these cell aggregates (George et al. 2008). Gill et al. (2004) 
classified callus cluster in sugarcane as embryogenic when they were light yellow and 
as non-embryogenic those that exhibited a smooth, watery and whitish appearance. 
 
During the first subcultures onto ED medium (I to III) the predominant color of the 
calli were whitish or yellowish. As showed in figure 5 the white color of petals 
diminished after every subculture, and subsequently turned into brown and black 
coloration. By the sixth subculture, 90% of the explants presented brown coloration but, 
eventually approximately 50% of the explants turned to black making them look dead 
but, still new callus growth was visible (Figure 8). 
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Figure 8. The callus color of the petal explants of Scavina-6 during successive 
subcultures on ED medium. a) Petals from small flowers. b) Petals from long flowers. 
 
Similar results were obtained on the callus masses from staminode explants. The white 
coloration of their cell aggregates was observed athigher frequency than the brown in 
most of the time cultured on ED medium. As in petals, the calli gradually turned brown. 
Black callus formation became evident after the seventh subculture on ED medium, 
and after the tenth subculture 34% of the staminodes originated from small flowers were 
black likewise, 46% of those that were from long flowers (Figure 9). 
 
Figure 9. Explants colors of staminodes of Scavina-6 during successive subcultures on 
ED medium. a) Staminodes from small flowers. b) Staminodes from long flowers. 
 
 
 
 
  
38 
4.1.2.2 Consistency of the callus clusters 
 
Calli initiated from petals and immature stamens proliferated during the entire culture 
on ED medium. After the fourth culture, two callus growth consistencies, soft and 
granular, were observed and evaluated to find out whether there is a relationship with 
their conversion to embryos (Figure 12). 
 
The highest percentage of petals from both small and long flowers with granular 
consistency peaked at the fifth subculture with 78.19% and 84.80% respectively. This 
tendency remained for the next two cultures after which, it declined to 28.37% 
indicating the predominance of the soft consistency (Figure 10). 
 
 
Figure 10. Percentage of two callus consistencies on explants of Scavina-6 during 
successive subcultures on ED medium. a) Petals from small flowers. b) Petals from long 
flowers. 
 
In staminodes, this variable exhibited an opposite response. In tissues from small 
flowers 100% of the explants developed callus with granular consistency after the fourth 
culture. During the entire maintenance on ED medium, more than 90% of the explants 
formed granular calli. Likewise, in those explants from long flowers 94.44% showed a 
granular consistency after the fourth culture but, it also gradually declined to 75.68% in 
the next culture and, it was constant throughout their further growth on ED medium 
(Figure 11). 
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Figure 11. Percentage of two callus consistencies on explants of Scavina-6 during 
successive subcultures on ED medium. a) Staminodes from small flowers. b) 
Staminodes from long flowers. 
 
 
 
Figure 12. Consistency of the callus clusters. a & b) Petal of long flower after the fourth 
culture on ED medium; c) Petals of small flowers after the eighth culture on ED 
medium; d) Staminodes of small flowers after the eighth culture on ED medium. 
Photos: Donald Juárez. 
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4.1.2.3 Conversion to primary somatic embryos 
 
Primary somatic embryo production from Scavina-6 petal explants started after eight 
weeks of culture on ED medium. Embryo production was present only in petals of small 
flowers with very limited frequency (0.38%). It is equivalent to 1 embryo out of 275 
explants. Its growth reached an advanced cotyledonary state however, its further growth 
was arrested and there was not more embryo development. This low embryo frequency 
was reduced in further cultures due to increases on the number of explants during each 
subculture on a fresh new medium. 
 
In staminode explants, the conversion of callus to embryos was limited as well. 
Embryos were evident after the fifth culture on ED medium. At this stage, there were 35 
explants originated from stamens of small flowers and it reached 56 after 18 weeks of 
culture. Therefore, the frequency of explants with embryos in staminodes from small 
flowers went from 5.71% to 26.79% (15 embryos) in the ninth culture. In contrast, only 
a few long staminodes (2.7%) developed embryos all over their incubation time on ED 
medium. 
4.2 Reading clones 
4.2.1 Germination of secondary somatic embryos from cotyledons of 
primary somatic embryos 
Secondary embryo production derived from cotyledons of primary somatic embryos 
was assessed for LCTEEN 28/S-1 and PA 169 genotypes after four subcultures on ED 
medium. The embryo growth pattern showed noticeable differences between the clones. 
Globular, hearted-shaped, and cotyledonary stages were observed throughout the 
incubation period on ED medium (Figure 13). The maximum frequency of LCTEEN 
28/S-1 explants that exhibited somatic embryogenesis response (7.57) was reached in 
explants that were incubated during six weeks on SCG medium followed by the third 
culture on ED medium(Figure 14). 
 
In PA 169 explants, the somatic embryogenesis effect was more pronounced and 
high mean numbers of explants with embryos (9 to 14) were obtained after the third and 
fourth culture on ED medium followed by various periods on SCG. Nevertheless, the 
highest mean number of explants with embryos (14.00) in this clone appeared on the 
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explants that were incubated for 8 weeks in SCG medium (4 SCG) after the third culture 
on ED medium (Figure 14). 
 
 
Figure 13. Secondary embryo formation during four subcultures on embryo 
development (ED) medium. a) Globular embryos on LCTEEN 28/S-1 explant; b) 
Heart–shaped embryos on LCTEEN 28/S-1 explant; c) Cotyledonary embryo stages on 
PA 169 explant. Photos: Donald Juárez. 
 
 
Figure 14. Mean number of explants of two T. cacao L. clones (A: LCTEEN 28/S-1 & 
B: PA 169) with secondary embryo response after various periods on secondary callus 
growth (SCG) medium and followed by four subcultures in embryo development (ED) 
medium. 
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4.2.2 Proliferation of secondary somatic embryos 
The recurrent production of secondary somatic embryos of cacao corresponding to 
cotyledonary torpedo stage of both clones (LCTEEN 28/S-1 and PA 169) was evaluated 
after the culture in four incubation periods on SCG medium (2, 4, 6, 8 weeks) followed 
by four subcultures on ED medium. The effect of the SCG subculture in the mean 
number of secondary somatic embryos production in cotyledonary stage was slightly 
different while comparing both clones. 
 
Explants of the clone LCTEEN 28/S-1 that were incubated for four weeks (two 
subcultures) in SCG were the best in producing embryos (310.75 ± 68.50) after the 
preceding four cultures on ED medium. The clone PA 169 recorded the highest embryo 
production frequency (222.75 ± 157.83) in explants incubated for eight weeks (four 
subcultures) in SCG medium (Table 4). 
 
Further analysis (one-way ANOVA, repeated measures) in the number of total 
embryos regeneration from both clones demonstrated the significant effect of the 
subcultures on embryo development medium in the time. 
 
Table 4. Mean number of cotyledonary torpedo stage embryos formed from explants of 
two clones of T. cacao L. after various periods on SCG medium and followed by four 
subcultures in embryo development (ED) medium. Data are Means ± SEM; n = 12-16. 
SCG LCTEEN 28/S-1 PA 169 
1 nd 26.25 ± 26.25 
2           310.75 ± 68.50                    216.00 ± 84.05 
3 nd 1.25 ± 1.20 
4           112.50 ± 82.57 222.75 ± 157.83 
SCG: secondary callus growth; nd: no detected 
4.2.3 Plant Regeneration 
The ability of the LCTEEN 28/S-1 explants to induce cotyledonary embryos after three 
and four weeks on SCG medium allowed to assess their regeneration capacity. This was 
conducted by culturing the embryos for three months on Plant Embryo Conversion 
(PEC) medium. Two sizes of the cotyledonary embryos (1-2 cm and > 2 cm) were 
tested. The first sign of the embryo conversion to plant was the change of color of the 
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cotyledons and epicotyls from pink to green after the first two weeks of culture (Figure 
15a). It was followed by the drop of the mature cotyledons and emergence of the 
primary pair of expanding leaves during the second culture (Figure 15b). The stem 
emerged from the base of the primary leaves and continued upward growth which 
started to branch at the end of the third culture on PEC medium (Figure 15c). 
 
 
Figure 15. Plant regeneration of secondary somatic embryos of T. cacao L. in plant 
embryo conversion (PEC) medium. a) LCTEEN 28/S-1 embryos during the first culture 
on PEC medium; b) LCTEEN 28/S-1 embryos after the first culture on PEC medium; c) 
LCTEEN 28/S-1 embryo after the second culture on PEC medium. Photos: Donald 
Juárez. 
 
The best plant regeneration frequency was recorded for the embryos that were kept 
for eight weeks (four subcultures) in SCG medium and that reached a size larger than 2 
cm after the incubation in ED (70.83 %) while the explants that were maintained for 6 
weeks in SCG medium and with 1-2 cm large exhibited the lowest plant regeneration 
capacity (Table 5). It was also evident an abnormal multiple stem growth within the 
normal conversion process of embryos to plant (Figure 16b). Another anomaly observed 
in embryos was that some of them did not develop any plant structures but showed a 
rosette growth which in the end of the maintenance in PEC medium turned to black or 
brown and later died (Figure 16a). 
 
Table 5. Plant regeneration from mature embryos of the clone LCTEEN 28/S-1 after 
three subcultures on PEC medium. 
Time on 
SCG ( wk) 
Size of the 
embryos (cm) 
Plant 
Regeneration 
% 
Plants with 
multiple stems 
% 
6 1-2 76/161 47.20 8/76 10.53 
 
> 2 114/224 50.89 14/114 12.28 
8 1-2 71/110 64.54 4/71   5.63 
  > 2 68/96 70.83 8/68 11.76 
PEC: Plant Embryo Conversion 
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Figure 16. a) LCTEEN 28/S-1 cacao embryo exhibiting a rosette growth; b) LCTEEN 
28/S-1 cacao plants with multiple stems; c, d) LCTEE 28/S-1 plants showing a normal 
morphological growth. Photos: Donald Juárez. 
 
4.2.4 Cryopreservation of secondary somatic embryos 
Embryo survival and emergence from the alginate capsules after the liquid nitrogen 
treatment of the cacao clones LCTEEN 28/S-1 and PA 169 precultured on different 
sucrose treatments (0.087, 0.3, 0.5, 0.7 and 1 M) was not evident after the subculture in 
ED standard medium. In fact, none (0%) of the embryos of both cocoa genotypes 
survived the effect of low temperature. On the other hand, the sucrose pretreatments and 
4 hours dehydration also affected the survival and emergence of the embryos from the 
alginate capsules in non-treated (-LN) embryos but, there were differences in the 
frequency of regrowth between the clones (Table 6). 
 
LCTEEN 28/S-1 presented the highest survival rate with the control treatment 
(0.087 M sucrose). Significant results were also achieved following preculture in 0.7 M 
and 1 M (90%) sucrose medium while only 33% survival was obtained with the 0.5 M 
sucrose preculture. With regards to the clone PA 169 the best survival index (90%) was 
reached by the embryos that were precultured in 0.087 M and 0.3 M sucrose, while the 
lowest survival level was obtained by the embryos cultured in standard ED medium 
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supplemented with 1 M sucrose (Table 6). Comparable effect on survival was recorded 
when embryos were precultured for seven days in sucrose without the dehydration 
period (treatment 6). These observations led to the following conclusive result, 
LCTEEN 28/S-1 achieved 100% of embryo survival, whereas the survival for the clone 
PA 169 did not exceed 85% (Table 6). 
 
Table 6. Effect of liquid nitrogen storage on the survival of secondary somatic embryos 
of two clones of T. cacao L. (LCTEEN 28/S-1 & PA 169). 
 
LCTEEN 28/S-1 PA 169 
Treatment - LN % - LN % 
1 29/30 96.67 27/30 90 
2 19/30 63.33 27/30 90 
3 10/30 33.33 22/30 73.33 
4 27/30 90 26/30 86.67 
5 27/30 90 16/30 53.33 
6 30/30 100 25/30 83.33 
-LN: Non-incubation in liquid nitrogen 
4.2.5 Water loss from encapsulated embryos 
Water loss from the beads by dehydration process was assessed by measuring their 
weight differences in every step of the dehydration process. Water content of the 
encapsulated embryos from all the sucrose precultures decreased as the drying process 
advanced. Fresh weight of the capsules varied because of their different sizes therefore, 
the water loss was proportional to the sizes. However, table 7 shows that a higher 
sucrose concentration did induce a less extensive evaporative drying while the lowest 
sucrose concentration (0.087 M) did bring the reverse effect. 
 
Table 7. Water loss of encapsulated embryos after 4 
Sucrose 
treatment (M) 
Encapsulation 
I sucrose 
pretreatment 
II sucrose 
pretreatment 
Dehydration 
(silica gel, 4 h.) 
 
fw
a 
w
b 
w w 
0,087 (Control) 0,284±0,17 0,254±0,02 0,235±0,01 0,063±0,01 
0,3 0,293±0,02 0,281±0,02 0,277±0,02 0,094±0,01 
0,5 0,306±0,02 0,291±0,02 0,285±0,02 0,104±0,01 
0,7 0,267±0,01 0,258±0,01 0,255±0,01 0,111±0,01 
1 0,285±0,02 0,273±0,02 0,267±0,02 0,147±0,01 
a
Values represent water content on fresh weight (g) basis(±S.E.). n = 10 
b 
Values represent water content on weight (g) basis(±S.E.). n = 10 
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5 DISCUSSION 
Somatic embryo production in cocoa is a complex and difficult process mainly because 
of the wide range of genotypes that express diverse responses to the treatments they are 
subjected to. The responses may vary during various stages of embryo production. They 
may be positive during the early stages such as the callus formation and callus 
differentiation while during later, more complex stages they may be negative (Pence, 
1995). 
 
5.1 Primary callus induction and their embryo conversion 
In this study primary callus production capacity of cocoa was studied using petal and 
staminode explants from the genotype Scavina-6. The procedure for somatic 
embryogenesis developed for cocoa at the University of Pennsylvania, USA was 
applied. 
 
Scavina-6 has genotype been previously used in somatic embryogenesis of cocoa. 
High frequency of embryogenic calli and somatic embryo production has been obtained 
in several studies using staminodes as explants (Li et al. 1998; Maximova et al. 2002; 
Traore et al. 2003, Vaca, 2004). Similarly, Tan & Furtek (2003) tested embryogenesis 
of 52 cocoa clones with three different physiological flower ages (1-2 week old, 2-3 
week oldand 3-4 week old) using staminodes, petals and anthers as explants. Aldo their 
results indicated that the best frequency of embryogenic calli was reached from 
staminode explants of 2-3 week old flowers. 
In contrast with the previous results in Scavina-6, this study showed strong callus 
formation in both staminode and petal explants. High frequency of embryogenic callus 
was obtained from petals of both flower ages and the best was reached by flowers of 1-2 
week old. This result was similar with Vaca (2004) who found that petals of the clone 
UF273 reacted better to callus formation when cultured in medium with high sucrose 
concentration. 
The variation of the results may be due to variations in the media composition. In 
addition, it is likely to be affected by severe contamination recorded during the first 
stage of callus induction that reduced the number of staminode explants compared to 
petals and to the high synthesis of polyphenolic compounds in staminode cultures which 
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may have been induced by stress conditions (high temperatures) during the shipment of 
the dishes with the tissues from Nicaragua to Finland. Alemanno et al. (2003) 
demonstrated that synthesis of these compounds is related to stress conditions than to 
the embryogenic response and that they were synthesized in higher amounts when 
tissues were subjected to prolonged stress conditions. Moreover, the mother plants for 
Scavina-6 in El Recreo Research Station from where flowers were old and not in good 
general health. Both the health and the juvenile state of the tree are indicative factors 
that affect embryogenesis frequencies in cocoa (Tan & Furtek, 2003). 
 
Two types of callus masses were also observed: compact white and yellowish 
similar to those presented for the clone AMAZ12 by Tan & Furtek (2003). In this study, 
white and yellowish color was associated with granular callus consistency in the 
beginning which also turned to a fluffy or soft with brown coloration in later stages of 
the culture. Besides, callus masses with yellowish pigmentation turned out to be 
embryogenic as this type of callus was observed in almost all the explants where 
somatic embryogenesis occurred. The color association in cocoa is mentioned by 
Chatelet et al. (1992); who pointed out four types of calli obtained from immature seed 
explants (nucellus and inner integument) cultured on MS medium supplemented with 
2,4-D and BAP. The color and consistencies of callus were fluffy white callus, 
hyperhydric translucent callus, mucous-like callus, and brown soft callus. 
This assumption is also associated with the result obtained in cotton where the fawn 
and buff calli showed better potential to develop into somatic embryos (Wang et al. 
2006). In contrast, in this study the very low index of embryo formation appeared in 
those explants that exhibited the same coloration and a soft consistency which was not 
washy. Explants with granular and washy consistency showed indefinite callus growth 
which reflects that the induction of cell differentiation by the hormonal treatment at the 
early stages of the embryogenesis was not enough. Such effect can be given either by 
the hormonal concentration used in the primary callus growth (PCG) medium or by the 
incubation period in such medium. Therefore, further optimization of this stage in future 
research may help to improve efficiency on this micropropagation process. 
 
Extensive mitotic division (callus production) of the Scavina-6 explants was stable 
during the whole subculture period on ED medium. According to Li et al. (1998), 
calcium, sulfur, and magnesium present in the medium used (DKW medium) induce the 
cell differentiation and proliferation during early stages of embryogenesis in cocoa 
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which in this study showed poor effect for the induction of embryogenesis. This 
response can be supported by the effect of TDZ on apical and nodal stem cuttings of 
cocoa which produced fast callus growth after culture initiation (Traore et al. 2003). In 
staminode explants of the cocoa clones Pound-7 and ICS-1 the effect of TDZ on the 
callus conversion to an embryogenic state produced low production of somatic embryos 
whereas the clone Scavina-6 exhibited a better response to the embryo formation than 
the reported in this study (Li et al. 1998). TDZ is a substituted urea compound with 
strong cytokinin-like substance effect (Mok et al. 1982). Cytokinin activity of TDZ 
relies on both cell division and elongation (Thomas & Katterman, 1986) possibly by 
inducing the synthesis and accumulation of an endogenous cytokinin i.e. purine 
cytokinins (Sajid & Aftab, 2009). Thidiazuron has also been used widely in crops like 
potato to enhance its in vitro clonal propagation (Sajid & Aftab, 2009); in callus tissues 
of Phaseolus lunatus L. to assess the effect of TDZ on cytokinin autonomous growth; 
and in woody plants where it is applied at higher concentrations to induce callus and 
somatic embryo formation (Huetteman & Preece, 1993). Moreover, when TDZ was 
applied to leaf explants of Echinacea purpurea L. the levels of endogenous auxins, 
melatonin, and serotonin were increased resulting in stimulation of the cell 
dedifferentiation (Jones et al. 2007). Hence, TDZ has become popular in diverse crop 
families to induce somatic embryogenesis, callus and shoot formation, embryogenenic 
callus formation, axillary shoot proliferation, seed germination, and direct 
organogenesis etc., using diverse plant tissues (Guo et al. 2011). 
 
As key element for the clonal propagation, embryo formation from the callus 
masses must occur. However, in this study, Scavina-6 petal and staminode explants 
were not capable of forming high numbers of embryos under the described conditions. 
This suggests that the ability to form somatic embryos is under complex genetic control 
and that it may vary even within individuals of the same species (Tan & Furtek, 2003). 
Superior response to somatic embryogenesis with Scavina-6 was registered by Li et al. 
(1998); Maximova et al. (2002); Traore et al. (2003). Therefore, in this study 
interactions between the type of explants, number of explants, and the stress caused for 
the shipment from Nicaragua to Finland could have been also influenced this response 
of Scavina-6 to the embryogenesis. 
 
Li et al. (1998) reported for the first time the ability of TDZ as source of cytokinin 
for the initiation of somatic embryogenesis in cocoa when poor callus growth and 
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embryo formation was obtained in a medium lacking this component. For proliferous 
callus formation interaction of cytokins and auxins is essential therefore, in cocoa, 
primary callus growth was positively stimulated by combination of TDZ with 2,4-D. 
Nonetheless, the secondary callus production was stimulated by conjugation of 2,4-D 
and 6 BA. 2,4-D is an strong auxin and its effects seem to require high concentrations 
(Ribnicky et al. 1996). Michalczuk et al. (1992) claimed that 2,4-D stimulates the 
synthesis and accumulation of endogenous IAA, which is important for the maintenance 
of callus proliferation. However, Ribnicky et al. (1996) reported that in carrot tissues 
2,4-D had direct auxinic effect and minimal response on the concentration of 
endogenous IAA. Moreover, the effects of 2,4-D are stopped once it is removed from 
the medium because there is a decline in the auxin levels that permit undifferentiated 
cell clusters may commence an organized growth pattern and develop into somatic 
embryos (Michalczuk et al. 1992). 
 
An explanation to the negative embryogenic effect observed in this study may be 
related to what is stated by Li et al. (1998): higher concentration of TDZ reduces the 
callus growth and embryo production and it may be to some extend toxic to some 
genotypes. Another possible explanation is that the Scavina-6 genotype may require 
longer incubation period in the medium containing both hormones TDZ and 2,4-D. 
Further research in the area with larger number of explants could provide of a better 
understanding of this response. 
 
Besides the hormonal effect, other components of the medium have direct influence 
in the induction of somatic embryos in cocoa. Sulphur is an important element in the 
plant due to its structural, catalytic, and electrochemical functions in cells (Minyaka et 
al. 2008). A study carried out by Minyaka et al. (2008) revealed that the response of 
Scavina-6 to somatic embryogenesis is triggered when the embryo development 
medium is supplemented with lower sulphate content than what was used in the present 
study. 
 
5.2 Formation and proliferation of secondary somatic embryos 
Secondary somatic embryo production of LCTEEN 28/S-1 and PA 169 was carried out 
using the cotyledons from their primary somatic embryos as explants. Germination time 
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and the capacity of the genotypes to generate embryos was studied by incubating the 
explants for four different time periods in SCG which was followed by the incubation in 
ED medium. Somatic embryos in the globular and torpedo stage appeared between the 
second and third culture in ED medium, when the explants had turned black and 
appeared to be dead. Our results indicated that the response of LCTEEN 28/S-1 and PA 
169 were slightly different between them under the same culture conditions, which 
suggest genotype dependency of the embryo regeneration. Embryo formation in both 
clones initiated after the first and second culture in ED medium but still showed low 
number of explants forming embryos in all the SCG treatments. Embryogenesis 
increased with every following culture in ED and the highest number of embryogenic 
explants was obtained for the clone PA 169 after 6 weeks in SCG medium and 8 weeks 
in ED medium (Figure 14b). It was also evident that SCG periods affected the embryo 
formation in both genotypes which otherwise behaved similarly according to the 
number of embryos formed (from a single explant, on average 7 to 15 embryos were 
formed) in those explants that stayed more than one time in SCG. 
 
Basic studies in somatic embryogenesis of cocoa (Maximova et al. 2002) reported a 
mean of 13.8 embryogenic structures obtained from staminode explants after their 
maintenance in SCG during 14 days. Similarly, Li et al. (1998) observed an average of 
over 40 embryos per staminode explants in Scavina-6-1 and Scavina-6-2. However, in 
the same study it is also mentioned a drastic reduction of embryo formation in the 
clones Pound-7 and ICS-1. Accordingly, it can be concluded that, the genotype 
dependent effect is evident when one or more incubation periods in SCG medium is 
used. 
 
Four consequent subcultivation periods on SCG medium have not previously been 
tested in cocoa. In this study, embryo formation was enhanced in both clones LCTEEN 
28/S-1 and PA 169 by using longer incubation periods in plant growth regulator-
containing SCG medium. Similar effect was observed in Eucalyptus citriodora which 
needs continuous exposure to growth regulators for induction of secondary 
embryogenesis (Muralidharan et al. 1989). Besides, Maximova et al. (2002) reported 
that secondary somatic embryo production of cocoa from cotyledons of primary 
embryos obtained from staminodes exceeded the normal embryo production. 
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During the primary callus induction, TDZ may induce different response to callus 
development that can vary according to the genotype. This could be applied to primarily 
select a callus type related with its embryogenic potential. In contrast, plant growth 
regulators usually used in secondary callus growth induction in cocoa are 2,4-D (auxin-
like substance) and BAP. George et al. (2008) explained that, for callus induction in 
explants of dicotyledonous plants, a cytokinin is usually added to the medium in 
addition to an auxin. 
Medium supplemented with these phytohormones in cocoa tissue culture has been 
shown to significantly stimulate callus production and their proliferation with high 
embryogenic potential by exposing the explants for 14 days to its effects (Maximova et 
al. 2002; Li et al. 1998; Alemanno et al. 1997; Tan & Furtek, 2003). In this study the 
secondary embryogenesis response of both cocoa genotypes (LCTEEN 28/S-1 and PA 
169) was triggered by maintaining the explants for more than 30d under the influence of 
both hormones. 
 
In papaya, it is believe that 2,4-D promotes the production of callus in leaf explants 
while BAP induce the rapid growth of the callus masses leading them to a more friable 
and nodular state. It is associated with the promotion of germination of the somatic 
embryos (Farzana et al. 2008). Biswas et al. (2007) observed similar effects on Fragaria 
sp. Conversely, the effect of 2,4-D in mandarin (Gill et al. 1995) and cotton (Zhang et 
al. 2009) was the production of non-embryogenic and friable callus growing as large 
masses, which turned black and failed to generate plantlets. Same effect was observed 
when inflorescence explants of sweetgum were treated with 2,4-D to induce 
embryogenic callus (Merkle et al. 1998). Hence, it can be affirmed that the stimulatory 
effects of TDZ for callus formation in combination with pro-longed incubation in 2,4-D 
and BAP containing medium (SCG) exert a positive effect on the embryo growth in 
cocoa that cannot favor positively other plants. 
5.3 Embryo differentiation and plant regeneration 
During the culture on SCG medium 2,4-D has two important effects on the explants. 
The effect as an auxin herbicide may be explained by its stronger intensity of action and 
higher stability in the plant than the natural auxin IAA, and like a herbicide as well 
therefore, inducing stress response in plant cells (Grossmann, 2000). The stress response 
during embryogenesis is attributed to many stress responsive genes that code for 
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proteins with protective functions against damages imposed by various types of 
environmental stresses. Continue research in this area have reported, that in alfalfa cells 
these genes are activated by abscisic acid biosynthesis (ABA) which arise by influence 
of ethylene biosynthesis (Davletova et al. 2001). This last is an event induced by 
exogenously applied auxin herbicides to sensitive species. In dependency of this, Dudits 
et al. (1995) confirms that early phases of somatic embryo development are controlled 
by many stress-related genes, which leads to undergo embryo differentiation as an stress 
response from cultured plant cells. 
 
In this study all the stages of somatic embryo development (globular stage, heart 
stage, torpedo stage and cotyledonary stages) of cocoa were observed during the 
secondary embryo production when the embryogenic callus masses were maintained in 
hormone free ED medium. 
The maintenance of embryogenic cell clusters on medium devoid of growth 
regulators has previously been documented not only in cocoa (Maximova et al. 2002; Li 
et al. 1998; Alemanno et al. 1997; Tan & Furtek, 2003; Da Silva et al. 2008) but also in 
Hevea brasiliensis (Cailloux et al. 1996), grape (Robacker, 1993), feijoa (Stefanello et 
al. 2005), and coriander (Popova et al. 2010). 
 
In this study it was observed that the longer the explants of both clones LCTEEN 
28/S-1 and PA 169 remained in ED medium the higher the amount of secondary 
embryos were produced (Figure 13c) suggesting a high embryogenic potential of the 
callus promoted during the incubation in hormone containing SCG medium. Somatic 
embryogenesis from callus cultures is often initiated in media containing high levels of 
auxins (especially 2,4-D), but embryos usually do not develop further until the auxin 
concentration is reduced (George et al. 2008), thus incubation of cocoa embryos in ED 
free hormone medium most likely reduced the auxin concentrations gained by the 
exogenous application in SCG medium.  
 
Well formed and germinated somatic embryos were transferred to plant embryo 
conversion (PEC) medium to form plantlets. In this experimental part, two different 
sized embryos (1-2cm and > 2cm) were tested in order to know their physiological 
ability for plantlet conversion. The general changes during the embryo conversion to a 
plantlet occurred during the first and second subculture. Changes were the transition of 
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color from pink to light green and the substitution of the cotyledons for first true leaves 
(Figure 15). 
It was observed that the conversion rate varied between the embryos of different sizes 
and the incubation time in SCG medium. The higher frequency of plantlets formed from 
embryos of > 2cm long may be attributed to the availability of storage organs (vacuoles) 
that make possible storing important compounds like amino acids, starch and proteins 
(Alemanno et al. 1997). Moreover, the presence of sucrose as carbon source in all the 
phases of the embryogenesis process may contribute to promote the normal metabolism 
and therefore, the accumulation of these reserves products for the plantlet development. 
It has been studied in alfalfa (Lai & Mc Kersie, 1994); Hevea brasiliensis (Cailloux et 
al. 1996) and walnut (Tulecke & Mc Granahan, 1985) where the absence of these 
storage reserves in the somatic embryos may have inhibited their conversion into mature 
plants. Therefore, we theorize that incubation in SCG exerted an effect in the 
accumulation or development of more storage bodies in bigger embryos that helped in 
their conversion to plantlets. 
 
During the embryo differentiation abnormal morphological characteristics like the 
fusion of two or more embryos at the axis or cotyledons (fusion of hypocotyls), multiple 
cotyledons formed in one embryo and embryos without a bipolar organization were also 
observed. Similarly, all these growth abnormalities in micropropagation of cocoa were 
reported by Da Silva et al. (2008), Tan & Furtek, (2003), Maximova et al. (2002); and 
Alemanno et al. (1997). All these authors confirmed that these abnormal embryos were 
not able to germinate into mature plantlets. Conversely, in this study it was possible to 
observe plant formation from those embryos that were fused from their hypocotyls 
(Figure 16b). Nevertheless, the development of these plants was no longer followed and 
thus it is advisable in further studies to evaluate if they are able to grow normally. 
 
5.4 Embryo recovery and plant regeneration after cryopreservation 
In order to verify the applicability of somatic embryogenesis for the long term 
conservation of recalcitrant crops, cocoa embryos were treated by liquid nitrogen based 
on the methodology described by Fang et al. (2004) and Quainoo, (2009). The 
advantage of using the desiccation method employed in this study is that samples could 
be directly preserved in liquid nitrogen following the physical desiccation under the 
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flow of sterile air or silica gel without using toxic cryoprotectants and expensive freezer 
that can possibly induce genetic variation (Bomal & Tremblay, 2000). 
In this study the embryos of both clones did not survive after the cryopreservation 
whilst, high survival rates were recorded by the same treatments without liquid nitrogen 
incubation as well as in embryos that were precultured in sucrose without dehydration 
and not frozen. Based on this it can be concluded that sucrose concentrations used to 
reduce the internal cellular water content did not exerted toxicity on the embryo survival 
from the majority of the treatments. In addition, it is assumed that death of the 
cryopreserved embryos is caused due to ice crystallization. Therefore, for a successful 
cryopreservation of these clones it is necessary to test in further research higher number 
of samples (encapsulated embryos) per treatment and higher sucrose concentrations to 
foster better dehydration of the embryos and hence reduce cell death by the intracellular 
ice formation during the freeze–thaw process. 
 
The different survival rates of the non-frozen embryos in both clones could be 
genotype dependency to the cryotolerance. In addition, Fang et al. (2004) registered 
significantly higher survival rates in embryos of the clones EET 272, IMC 14, SPA 4 
and AMAZ 12 when preculture with 0.5, 0.75 and 1M sucrose but, survival was 
decreased when the sucrose concentration was increased to 1.25 M. Another reason that 
may increase the sensitivity of the cocoa embryos to liquid nitrogen exposure may be 
related to continued growth during extended preculture (Fang et al. 2004) since liquid 
nitrogen storage time did not affect the regeneration ability (Quainoo, 2009). 
 
The usage of sucrose in this research is dictated by its reinforcement to the cell wall 
which helps to maintain cell viability during dehydration and cryopreservation and has 
thus been shown to enhance the vitrification effect (González-Arnao et al. 1996) and to 
assure the regrowth after the freezing treatment. Comparatively, the regrowth after 
desiccation and cryopreservation of embryos of Coriandrum sativum L. cv. CS-193 was 
significantly affected by desiccation duration and by sucrose content in the preculture 
medium (Popova et al. 2010). 
 
Cryopreservation of cocoa somatic embryos using encapsulation dehydration is a user 
friendliness and efficient technique that allows a safe and cost-effective long-term 
storage of valuable germplasm of this important crop. However, sometimes the result of 
the application of this technique cannot be the same due to the variation of the growth 
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conditions of the explants and preculture or dehydration treatments provided to the 
explants previous to the application of the freezing protocol. 
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6 CONCLUSIONS 
Through this study it is indicated that cocoa can be effectively propagated by somatic 
embryogenesis using floral tissues like petals and staminodes. However, for inducing 
primary embryo production of the Nicaraguan clone Scavina-6 it is essential to consider 
longer hormonal treatment or increase their concentration in the media as well as testing 
larger numbers of explants. On the other hand, secondary embryo production using 
cotyledon explants was effective after four subcultures in SCG medium in the clones 
LCTEEN 28/S-1 and PA 169 which is contrary to what has been reported in previous 
research in cocoa. 
Cryopreservation of cocoa somatic embryos using encapsulation dehydration 
method would make it possible to establish a base for germplasm collections for long-
term storage under more secure and low-input condition. Nevertheless, in order to 
success in the whole process of somatic embryogenesis and cryopreservation it is vital 
to take into account the different behavior that genotypes express when they are under 
in vitro conditions, the explants origin and optimization of the media components that 
have direct influence. 
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